Tribological interaction between two contacting surfaces is influenced by many factors such as relative motion, normal load, environment, and lubrication apart from surface characteristics of the mating surfaces. Though surface characteristics such as roughness was dealt by many researchers for decades, the other important characteristic of surfaces, surface topography, has not got its share of attention. In the present investigation, basic studies were conducted using Inclined Scratch Tester to understand the role of surface topography on friction and transfer layer formation. A tribological couple made of copper pin against EN8 flat was used in the tests. Two surface parameters of steel flatsroughness and texture -were varied in tests. Care was taken to ensure that the surface roughness, measured along the scratch direction, had similar values for different textures, namely Unidirectional, 8-ground, and Random. It was observed that the transfer layer formation and the coefficient of friction along with its two components, namely adhesion and plowing, are controlled by the nature of surfaces and are independent of surface roughness. The plowing component of friction was highest for the surface that promotes plane strain conditions near the surface and was lowest for the surface that promotes plane stress conditions near the surface.
INTRODUCTION
Copper is widely used in automotive and electrical applications due to its high electrical conductivity, high thermal conductivity, and formability. Copper components have been manufactured using different processing techniques. Friction between metal and tool plays a very important role during forming operations, and surface topography of the tool is a major factor that influences the friction. Considerable work has been done to study the effect of tool surface roughness and topography on friction [1] [2] [3] [4] . Inclined scratch tests have been used to understand the effect of normal load on the failure point of lubricants [5] . The advantage of this test is that from a single experiment, the failure load could be obtained.
EXPERIMENTAL DETAILS
Surfaces of three different textures were generated on EN8 flats. The EN8 flat was ground against emery papers of grit size 220, 400, 600, 800 or 1000 to generate 2 kinds of surface textures with varying roughness. For the first surface, care was taken so that the grinding marks were unidirectional in nature. 8-ground surfaces were generated by moving the EN8 flat on the emery papers in path having profile of "8" for about 500 times. Third kind of surface texture with random grinding marks were generated using a polishing wheel with abrasive medium as SiC powder (600 or 1000 grit), Al 2 O 3 powder (0.017 microns), or diamond paste (1-3 microns). Experiments were conducted using an inclined scratch tester [5] . Pure copper (99.99 wt. %) was used as pin and EN8 flats were used as counter part. The EN8 flat was fixed horizontally in the vice of the scratch tester and then vice setup was tilted so that surface of the flat makes an angle of 1 o ± 0.1 o with respect to horizontal base. Then pins were scratched at a sliding speed of 2 mm/sec against the prepared EN8 flats starting from lower end to the higher end of the inclined surface for a scratch length of 10 mm. Normal load was varied from 0 to 100 N during the scratch test. The pins were slid both in parallel and perpendicular direction to the uni-directional grinding marks on EN8 flat, thus four sets of experimental conditions were created.
Experiments were conducted under both dry and lubricated conditions on each flat in ambient environment. Surface roughness parameters of the EN8 flat were measured in the direction of the sliding on the bare surface away from the scratches using an optical profilometer. Scanning electron micrographs of the contact surfaces of pins and flats were used to reveal the morphology of transfer layer.
RESULTS & DISCUSSION
Variation of coefficient of friction with nature of surfaces for copper pins slid on EN8 flats with varying roughness under both dry and lubricated conditions was shown in fig. 1 . In fig. 1 , U-PD and U-PL represent respectively the test conditions where scratch direction is perpendicular and parallel to the uni-directional grinding marks. The bar indicates the maximum and minimum values of coefficient of friction for different surface roughness and the connecting line joins the average coefficient of friction. It was observed that the range of surface roughness, R a , varies between 0.05 and 0.7 µm for different kinds of surfaces. From the fig. 1 , it can be observed that the coefficient of friction varies considerably with nature of surfaces under both dry and lubricated conditions. It was also observed that, for a given kind of surface, the coefficient of friction remains more or less constant with sliding distance (or increasing normal load). In addition, it was observed that the coefficient of friction does not vary much with surface roughness. Scanning Electron Microscopy showed that the amount of transfer layer formed on the surface depends on coefficient of friction. The amount of transfer layer formed on the EN8 flat and damage to the pin surface was comparatively larger under dry conditions than that of under lubricated conditions. Under dry conditions, damage to the pin surface was severe when the copper pin was slid on 8-ground EN8 flat when compared to the other textured surfaces. The adhesion component of friction can be minimized, if not eliminated, by introducing a lubricant between the contacting surfaces. This would be true in case of a lubricant with an "extreme pressure additive" in it. The lubricant used in the present case is commercially available engine oil that is expected to have an extreme pressure additive such as ZDDP. Further, the speed of the present set of experiments, which is 2 mm/sec, would ensure that hydrodynamic lubrication is absent. Thus one can interpret that the coefficient of friction recorded for the lubricated experiments would be in the boundary lubrication regime and basically represents the plowing component of friction. It can be seen that the plowing component of friction is highest for U-PD flats and reduces for the 8-ground, U-PL, and randomly polished EN8 surfaces. The figure also clearly shows that the adhesion component of friction -difference between the coefficient of friction for the dry and lubricated experiments -is highest for the 8-ground EN8 flats.
When a surface is polished uni-directionally it will have a "wave" like texture and for a random polishing it will have a "hill-and-valley" texture. When a soft material (pure copper) is pressed and slid on a harder material (EN8 flat) with a particular texture the softer material will deform and flow along the contours of the asperities. In the experiments when the pins are slid perpendicular to the uni-directional grinding marks the softer material will have to climb over the asperities. This will induce a higher level of stresses under a more pronounced plane strain conditions leading to severe shear failure and higher transfer of material. For the random surface the softer material can flow around the asperities causing lower stresses to be induced on the deforming material near the surface, a stress state that is more plane stress and a mild shear failure and lower material transfer. The plowing component of friction (the coefficient of friction under lubricated conditions) would be more for the scratch perpendicular to the grinding marks than for the random surface. The present results are observed to support the above hypothesis. For the 8-ground and uni-directional parallel scratches the plowing component would be expected to fall in between the uni-directional perpendicular and random surface, as can be seen in fig. 1 . The values of the coefficient of friction under dry conditions, which includes the adhesion component of friction, are following the same trend as in the lubricated experiments. However, adhesion component does not seem to follow the same trend as there might be various other factors controlling the phenomena.
CONCLUSIONS
The conclusions based on the experimental results are as follows:
• Both plowing component of friction and adhesion component of friction varies with the "nature of surfaces." • The coefficient of friction is found to be independent of surface roughness (as given by R a ) in the present test range and depends predominately on the nature of surfaces.
• The plowing component of friction is controlled by the constraint to flow at the asperity level. 
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